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Abstract: The impressive progress in the fabrication of low-dimensional semiconductor
structures during the past two decades has made it possible to reduce the effective device dimension
from three-dimensional bulk materials, to quasi-two dimensional quantum well systems, to quasione dimensional quantum wires, and even to quasi-zero dimensional quantum dots. In this article
we discussed about wavefunction in these structures.
Keywords: bulk material, quantum well, finite barrier, infinite barrier, quantum wire,
quantum dot.
РАЗМЕРНО-КВАНТОВАННЫЕ ПОЛУПРОВОДНИКОВЫЕ СТРУКТУРЫ
Аннотация: Впечатляющий
прогресс в изготовлении
низкоразмерных
полупроводниковых структур за последние два десятилетия позволил снизить
эффективный размер устройства от трехмерных объемных материалов до
квазидвумерных систем квантовых ям, до квазиодномерных квантовых проводов, и даже до
квазиодномерных квантовых точек. В этой статье мы обсуждаем о волновой функции в
этих структурах.
Ключевые слова: Объемный полупроводник, квантовая яма, бесконечная яма,
конечная яма, квантовые нити, квантовые точки.
YARIMO’TKAZGICHLI O’LCHAMLI KVANTLASHGAN STRUKTURALAR
Annotatsiya: Oxirgi 20 yilda pasto’lchamli yarimo’tkazgichli strukturalarni tayyorlash
keskin rivojlanishi qurilmalarning kattaligini uch o’lchamli hajmiy yarim o’tkazgichlardan
kvaziikki o’lchamli, kvant o’ralarga, kvazibir o’lchamli kvant iplarga, hattoki, kvazibir o’lchamli
kvant nuqtalargacha tushirishga imkon berdi. Biz ushbu maqolada yuqorida keltirilgan
strukturalarning to’lqin funksiyalarini muhokama qilamiz.
Kalit so’zlar: Hajmiy yarimo’tkazgich, kvant o’ra, cheksiz kvant o’ra,chekli kvant o’ra,
kvant ip, kvant nuqta.
The modified electronic and optical properties of these low-dimensional
semiconductor structures, which are controllable to a certain degree through the
advancement of epitaxial growth process, have attracted considerable attention, and have
made them very promising candidates for future high speed electronic and photonic
devices. This section discusses the change of electronic structure of semiconductor with
lower dimensionality. Firstly, wavefunctions in three-dimensional (3D) bulk material will
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be considered. Secondly, lower dimensional structures will be considered with their
quantum properties. To achieve this, quantum well (2D) will be first treated, since the
principles of heterostructure can be explained with it. The properties of quantum wire
(1D) and quantum dots (0D) will then be derived in a similar way.[1,120]
Band Structure in Semiconductors
An important feature in a semiconductor is that, in the pure, perfect, material,
known as intrinsic material, at 0 K, there is an energy gap between the highest, completely
filled, valence band(s), and the lowest, completely empty, conduction band(s). These states
originate from the atomic levels of the valence shell in the elements making up the
semiconductors. [2,198]
The separation between the highest valence and lowest conduction band is called
the band gap energy, Eg. In this energy range, there are no allowed states of the electron.
The valence bands can often be usefully described in terms of “holes” -positively charged
particles corresponding to the absence of an electron. Gallium arsenide (GaAs) is a classic
example of a “direct gap” semiconductor - the lowest minimum in the conduction band is
directly above the highest maximum in the valence band. Many other III-V and II-VI
semiconductors have direct gaps. GaAs band structure is shown in Fig. 1. Silicon is a
classic example of and “indirect gap” semiconductor, with the lowest conduction
minimum being at zone edge, while the highest valence maximum is at zone center.
Direct gaps are important for many optoelectronic devices since they result in much
stronger optical absorption and emission near the band gap energy. The reason for this is
the photon has negligible momentum. Optical absorption involves exciting an electron
from a filled valence band state into an empty conduction band state. Conservation of
energy dictates that these transitions must be vertical when viewed on the band diagram.
In a direct gap semiconductor, vertical transitions are possible near the band gap energy.
In an indirect gap semiconductor, the transitions near the band gap energy require
additional momentum from phonons (crystal lattice vibration quanta) in order to conserve
total momentum. This requirement makes these transitions less probable.[3,79]
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Figure 1: Band structure of GaAs. Note that the highest energy in valence bands is
directly below the lowest energy in the conduction bands, making GaAs a direct gap
semiconductor.
Since carriers predominantly occupy states near band edges, their behavior near the
band edges determine the properties of optoelectronic devices. The band structure of
GaAs at this region is shown in Fig. 1. The conduction band can be viewed as being
formed from S-like orbitals of the original atoms. The S-like unit cell Bloch wavefunction is
approximately spherically symmetric. The upper valence bands are formed from P-like
orbitals of the atoms, and, as a result, there are three of them corresponding to the three
coordinate directions x, y, and z. The interaction of the electron spin with orbits deep
within the core of the atoms (the so-called spin-orbit interaction), splits off one of these
three to give the lowest, split-off hole band. The remaining two hole bands have the same
energy at zone centre, termed degenerate; one is called the heavy hole (hh) band and the
other is the light hole (lh) band. The properties for essentially all devices of interest for
optoelectronics are determined by the optical transitions between the lowest conduction
band and the heavy and light hole bands.
3D bulk material
In a 3-dimensional crystal, the movement of carriers (electrons, light holes or heavy holes)
near to the band edge can be described as the motion of a quasi-free particle, whose
effective mass m* takes into account the interaction with the periodical lattice potential. To
a first approximation, m* does not depend on direction and a continuous energy spectrum
of eigenvalues isotropically distributed in ⃗ -space is obtained:

(⃗ )

(

)

(1)

where
,
,
are the wavevectors along the x, y and z - axis. If the carriers are
confined in lower dimensional systems such as 2-dimensional wells or 0D quantum dots
with sizes of the order of the de Broglie wavelength of the carriers, the electronic states in
these directions of confinement are quantized.
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Figure 2: Energy band structure of a thin layer of GaAs sandwiched between layers of
wider band gap AlGaAs. The well width has to be small enough to quantum confine
the carrier wave-functions in the well. The effective bandgap of the QW is then higher
than in bulk GaAs as shown.
2D quantum well
Finite barrier. A quantum well is formed by embedding epitaxially a thin layer of a
semiconductor material between two thick layers of another, electronically similar,
semiconductor material where the bandgap EgBarrier > Egwell - Fig. 2 shows the band structure
of a GaAs/AlGaAs quantum well.
Electrons are trapped in the one dimensional well, but can still move freely in the
GaAs layer. If the thickness of the layer is less than the de Broglie wavelength of the
carriers

(p being the momentum of the carrier and h the Planck constant),

quantum effects appear, with quantization of the kinetic energy in the growth direction
leading to discrete energy levels in the
direction in both the conduction band and the
valence band.
Let’s assume an idealized square, finite and symmetrical potential well with a
thickness
and a potential energy:

( )

| |
| |

{

(2)

The eigenenergies in the confined structure using the effective mass approximation is now
calculated. The Schrodinger equation is:

[

( )] ( ⃗

( )
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where Vlatt is the periodic lattice potential, which describes the interaction of the carriers
with the crystal lattice. Since it oscillates on a much smaller length than the well potential
Vwell, equation (1.3) can be separated. This leads to the following wavefunction:

(⃗

(4)
(⃗ )
(⃗ )
( ⃗ ) bi represents the carrier motion in the

)

he rapidly oscillating Bloch function
lattice potential, which can be handled with the introduction of an effective mass m*. The

envelope function
( ⃗ ) of the Bloch function is determined by the slowly varying
potential
( ). Since
( ) does not contain any terms in x or y, a second
separation can be carried out:

(⃗

)

(⃗

) (

)

(5)

where ( ⃗
) describes the motion of carriers in the 2 dimensions of the quantum
well and leads to the energy eigenvalues:

(⃗
where

)

(

)

(6)

is the effective mass for a motion in the layer plane. In the z-direction, a one

dimensional Schrödinger equation for the motion of a free carrier with mass
symmetric quantum well
( ) has to be solved:

( )] (

[

)

(

)

in a
(7)

The following boundary conditions must be filled:
| (
)|
1.
) is continuous everywhere;
2. (
3. integrating equation (7) around any z0, and for the square quantum well potential, is
continuous everywhere.[1,65]
The second condition accounts for the discontinuity of
the solution of the Schrodinger is:

(√
(

)
{

(√

at the boundary layers. Then,

)
(

)

| |)

| |
| |

(8)

with
and
being the effective masses of carriers in z-direction inside the
quantum well and inside the barrier, respectively. The wavefunction is exponentially
attenuated in the barrier while it oscillates in the quantum well. The ground state (n z=1) is
a even function and the higher states are alternately of even or odd parity. The boundary
conditions lead to a transcendental equation for the discrete energy levels
in kz.direction, which can be solved numerically:

(√

)
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It is generally not possible to calculate analytically the discrete energy levels
An
infinite barrier is assumed in order to continue these analytical calculations.
Infinite Barrier. When electrons are restricted in a infinitely deep ’square’ well as illustrated
with an infinitely high potential barrier (
), it is possible to obtain an analytical
expression of the eigenvalues. The right hand side of equation (9) disappears and the
energy eigenvalues are:

( )

(10)

Then, the energy of two dimensional system is:

(⃗

)

(

)

( )

(

)(11)

This energy function is the sum of discrete and continuous energy eigenvalues.
1D quantum wire
If the motion of the carriers is confined in two directions of space, the additional
quantization can be calculated in a way analogous to that of quantum well. For a one
dimensional system (quantum wire) with infinite barriers, the energy eigenvalues are:

(

)

(

)

(12)

The energy function is a sum of discrete and continuous eigenvalues.
0D quantum dot
If the carriers are three dimensionally confined in a parallelepiped quantum dot
with infinite barriers, the energy eigenvalues are:

(

)

where (nx,ny,nz) (N3) are the quantum numbers. They are integers, but not all of them are
allowed to be zero. The dimensions of the structure are denoted as dx,y,z and effective
masses in the respective directions as
, respectively. The carriers in a ideal quantum
dot are completely localized and only discrete energy levels exist. In practical cases such as
self-assembled quantum dots, exact calculations of the discrete energy levels are very
difficult and have only been performed numerically for InAs/GaAs quantum dots. Firstly,
the exact shape of the dots are usually not known precisely (e.g., faceted pyramids and
asymmetric geometry.). Secondly, anisotropic strain largely influences the electronic
properties through band structure.[2,303]
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